Little is known about how the size of an adult animal is determined and regulated. To investigate this issue in hydra, we altered the body size by surgically removing a part of the body column and/or by axial grafting, and examined changes of column length with time. When the body column was shortened it elongated and resumed the original length within 24-48 h. This increase in the body column length was not accompanied by an increase in the number of epithelial cells in the body column. Instead, each of the epithelial cells elongated longitudinally, leading to elongation of the body column. When the body column surpassed the original length, the column shortened over time. This was not accompanied by a decrease in cell number but by the shortening and thickening of the epithelial cells. TEM analysis showed that formation of microtubule arrays takes place longitudinally along the body axis in elongated cells and perpendicular to the axis in shortened cells. Treatment with a drug that degrades microtubules completely blocked changes in body length. These observations suggest that microtubules are involved in regulating the length of the hydra body column by altering the shape of the epithelial cells. We propose from these observations that hydra has a mechanism for detecting the metrical distance between the two ends of the body column.
Introduction
How the body size of an adult animal is determined and regulated is poorly understood. Body size is influenced not only by genetic factors but also by hormonal and environmental factors (Shingleton, 2005) . Body size has been considered to be a function of cell size, total number of cells, or combination of both (Conlon and Raff, 1999) . In mice, an 800-fold higher level of growth hormones results in an animal twice as heavy as normal and this is accompanied by an increase in cell size (Palmiter et al., 1982) . In Drosophila, the insulin signaling pathway plays a critical role in the control of cell size and number (Leevers et al., 1996 and Böhni et al., 1999) . In Caenorhabditis elegans the total number of cells in an animal is constant; mutants that have increased body size have cells with a larger volume (Hirose et al., 2003) . Thus, it appears that both cell size and cell number contribute to determining the size of an animal. However, it is not clear whether the shape of cells plays a role in determining body size in animals.
In hydra, a member of class Hydrozoa in the phylum Cnidaria, mutant strains in which the adult polyp ranges in length from 2 mm to 2 cm have been isolated (Sugiyama and Fujisawa, 1977a) . Although the mechanism by which polyp length is determined and regulated remains unknown, it has been assumed that the number of epithelial cells in an animal plays a role. This is because the number of epithelial cells per polyp is the result of a balance between cell proliferation and loss of cells through asexual budding and sloughing of cells at both ends of the animal (Campbell, 1965 and Shostak, 1968) . Bisbee (1973) showed that a hydra having a large body size tends to have a larger number of cells when cultured at low temperature. It was found that this occurs not through a higher cell proliferation rate but by fewer cells being recruited into buds, suggesting that the number of epithelial cells determines polyp size. An adult polyp of the large mutant strain (L4) is nearly twice as long and contains about 2.5 times more cells as a wild type strain (Takano and Sugiyama, 1984) . This is consistent with polyp size being regulated by the number of epithelial cells.
A particularly useful feature of hydra as a system for studying control of size is that one can alter the body size in several ways. To reduce size, one can remove a part of the body column or excise a small piece of tissue (Shimizu et al., 1993) . To increase size, one can graft tissue from many animals in tandem (Ando et al. 1989) . Or one can construct aggregates of tissue from dissociated cells (Gierer et al. 1972) . In both situations, the tissue eventually comes to have the size of the animal that is close to the size of an unmanipulated animal, suggesting that there is a mechanism that regulates the body size of hydra.
In the present report, we altered the body length of hydra either by removing a part of the body column or by increasing the original length by axial grafting, and examined how the animals change their body length with time. The results provide evidence that body length is regulated by changing the shape of each epithelial cell, not by intercalation or proliferation of epithelial cells. Histological and pharmacological studies suggest that microtubules play an important role in the determination of body length. Developmental Biology 350 (2011) Contents lists available at ScienceDirect Developmental Biology j o u r n a l h o m e p a g e : w w w. e l s e v i e r. c o m / d e v e l o p m e n t a l b i o l o g y
Materials and methods

Strains and culture
A standard wild-type strain of Hydra magnipapillata (strain 105, Sugiyama and Fujisawa, 1977a) was used in the present study. Animals were cultured in hydra culture solution (Sugiyama and Fujisawa, 1977a ) at 18 ± 1°C. They were fed on newly hatched brine shrimp nauplii six times a week. Experimental animals were starved for 24 h prior to use and not fed during the experiment.
Tissue amputation and morphological observation
For all the experiments, polyps bearing their first bud protrusion were used. The body positions were defined according to Sugiyama (1982) . The region of the body column between the hypostome and the bud protrusion was divided into four equal lengths. Position 0 refers to the position just below the tentacle ring (the base of the hypostome). The borders between the neighboring four regions below the hypostome were named positions 1, 2 and 3, respectively. The part of the body column from the bud protrusion to the basal disc was divided into two parts, the lower region being twice as long as the upper region. The border between these two regions was named position 4. Transverse amputation was carried out at position 2 (P2) to divide the body column into two parts, distal P2 piece and proximal P2 piece, unless otherwise specified. Axial grafting was performed as described previously (Sugiyama and Fujisawa, 1977a) .
The changes in the body column length were examined in a wellstretched polyp and recorded with a Hi-band 8-mm formatted video recorder (SONY, EVO-9500A) through a CCD TV camera (Hitachi, KV-26) attached to a light microscope (OPTIPHOTO, Nikon). The entire procedure was carried out at 18°C. In some experiments, 5 mM of cytochalasin B (ICN Pharmaceuticals Inc.) dissolved in 1% dimethyl sulfoxide (DMSO) (Fig. 4) or 10 −8 M nocodazole (ICN Pharmaceuticals Inc.) dissolved in 1% DMSO (Fig. 6 ) was added to the hydra culture solution.
Preparation for light microscopic and transmission electron microscopic observations
For both light and transmission electron microscopic observations, samples were fixed for 12 h in 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4), followed by three washes of 10 min each in 0.1 M phosphate buffer (pH 7.4) containing 4% sucrose. The animals were then postfixed for 60 min in ice-cold 1% OsO 4 in the same buffer and washed three times for 10 min each in ice-cold distilled water. Dehydration through a graded series of ethanol solutions was followed by embedding in an EponAraldite mixture. For light microscopy, sections (approximately 10 μm-50 μm) were made and stained with 1% toluidine blue and observed with phase contrast optics. For transmission electron microscopy, ultra-thin sections (approximately 70 nm) were made, and stained with 2% uranyl acetate followed by 0.4% lead citrate for 5 min each. Samples were observed using a JEOL transmission electron microscope (JEM-1010, 80 kV).
Visualization of actin filaments and microtubules
Control and regenerated animals were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 12 h, followed by three washes of 10 min each in 0.1 M phosphate buffer. The samples were subjected to cryostat sectioning using a Leica CM3000.
To visualize actin filaments, rhodamine phalloidin staining was performed on cryostat sections. A stock solution of 300 U/ml rhodamine phalloidin (Molecular Probes) was prepared by dissolving the chemical in methanol and stored at −20°C. The sections were stained with rhodamine phalloidin (100-fold dilution of the stock with 0.1 M phosphate buffer) for 3 min at room temperature, washed three times with 0.1 M phosphate buffer, and observed using a fluorescence microscope with the G filter for rhodamine.
To visualize microtubules, a mouse anti-ß-tubulin monoclonal antibody (Chemicon International) was diluted with 0.1 M phosphate buffer and used at a final dilution of 1:100. Cryostat sections on a slide glass were treated with blocking solution (0.1 M phosphate buffer containing 1% BSA) at room temperature for 30 min followed by washing in 0.1 M phosphate buffer once for 3 min. The sections were incubated with the antibody solution for 60 min in a humid chamber at room temperature and then washed 3 times in 0.1 M phosphate buffer for 10 min each. Subsequently the samples were incubated with a FITC-conjugated anti-mouse Ig (Amersham) for 60 min at room temperature and washed three times with 0.1 M phosphate buffer. The samples were observed under a fluorescence microscope (Leica) with the B filter for FITC.
Statistical analysis
Statistical analysis was carried out using the ANOVA test, with the significance level set at P b 0.01.
Results
Elongation of the body column after removing a part of it
When the body column of a hydra is cut at the mid point (position P2) and the lower half is removed, the remaining upper half regenerates a foot within a few days (a P2 regenerate). During this process, changes in the shape and length of the body column were examined ( Fig. 1A -C, G). A tendency was observed that the body column elongates longitudinally and becomes thinner circumferentially, most conspicuously at the apical end (Fig. 1C) . The foot was not regenerated at 48 h after the amputation. To examine the effect of incision, the body column of an intact hydra was cut at position P2 and the two pieces were immediately grafted together (referred to as P2 control graft). The body length of the grafted animal did not change significantly relative to its length before grafting ( Fig. 1D -F, G). In order to examine if this elongation of the P2 regenerate is accompanied by an increase in cell proliferation, as reported in systems such as insect legs (French et al., 1976) , the number of epithelial cells aligned along the longitudinal body axis was counted (Fig. 1H ). The number of cells did not change significantly, demonstrating that the elongation of the body column was not accompanied by an increase in the number of cells along the body column axis. When the body column was cut at upper positions (e.g. positions 0 or 1) and the lower tissue was removed, the remaining upper tissue showed elongation (data not shown). However, these regenerates did not reach the original body length, presumably because there was significantly less tissue for the elongation. We also examined other species of hydra, Hydra vulgaris and Hydra oligactis and obtained similar results (data not shown). These observations demonstrate that when a part of the body column is surgically removed, the remaining tissue elongates to resume the original polyp size without increasing the number of cells along the body column axis.
To further explore the kinetics of the elongation, an axial graft was made in which the body column tissue from position 0 to 3 was excised and the remaining head and the lower body were grafted to each other axially (a P0/P3 graft, Fig. 2 ). The graft remained its original size until 12 h but started to elongate at 24 h and reached the maximum at 48 h, which was close to the length of an intact polyp ( Fig. 2A-D, I ). The elongation appeared to be taking place throughout the body column as the relative position of the bud remained unchanged (Fig. 2C ). This type of grafting was also carried out using epithelial hydra, which are completely devoid of neurons. The elongation also occurred after grafting, although it took about 24 h longer to recover the size of an intact animal (P b 0.01) (Fig. 2E-H, I ). These observations clearly demonstrate that the epithelial cells themselves are responsible for the elongation of the body column without the involvement of neurons and that this elongation is closely related to the gap in the positional value that was made by the axial grafting.
Elongation of epithelial cells in the longitudinal direction
Light microscopic observation of the elongated body column of P2 regenerates showed that both ectodermal and endodermal epithelial cell layers are apparently thinner than in the control P2/P2 graft (Fig. 3B,  F) . Histological sections made showed a similar tendency. In addition, elongation of cell shape in the longitudinal direction was observed. The P2 regenerate at 48 h showed that the ectodermal epithelial cells were extended longitudinally as viewed from the side (Fig. 3A) and from the top (Fig. 3C) . In contrast, in the control graft, ectodermal epithelial cells were columnar along the apical-basal axis (Fig. 3E) , while approximately square in shape (compact outlines) when the apical surface was viewed (Fig. 3G) . The mean length of ectodermal epithelial cells in the longitudinal orientation was measured at the widest points in serial sections. The length was 57± 6.1 μm in the P2 regenerate, whereas, in the control graft, it was 16 ± 3.2 μm (mean ± s.e.m., N = 30), showing cells were significantly elongated in the longitudinal direction in the P2 regenerate (P b 0.01). Apical views of DAPI-stained nuclei (Fig. 3D, H) suggest that the density of epithelial cells aligned along the longitudinal body axis was lower in the P2 regenerate. Endodermal epithelial cells also became shorter and wider, although not as conspicuously as ectodermal cells (Fig. 3A, E) . These observations indicate that the epithelial cells elongate in the longitudinal direction and that this results in the elongation of the body column. Fig. 1 . Change of body size and shape during the 48 h following amputation. The tissue below position 2 (P2) was removed and an upper half was allowed to regenerate (A). The P2 regenerate at 2 h (B) and 48 h (C). The body column of a polyp was cut at position 2 and the two tissue pieces were immediately grafted together (D). The P2 control graft at 2 h (E) and 48 h (F). Relative body length of the P2 regenerate compared with the control graft (G). In a toluidine blue-stained animal, the number of epithelial cells along the body column from the head to the basal disc was determined (H). Bars represent s.e.m. calculated from 30 samples. Bar = 2 mm. Actin filaments do not contribute significantly to the elongation of the body column
To examine the possible involvement of actin filaments in the longitudinal elongation of ectodermal cells, P2 regenerates were treated with 5 mM cytochalasin B (CCB) to cause actin depolymerization (Carter, 1967) . A P2 regenerate elongated, reaching almost the original length of the control graft (Fig. 4A ) at 48 h of regeneration. When a polyp was treated with CCB immediately after cutting, elongation occurred but 20% less compared to non-treated P2 regenerates (Fig. 4B) . Cross sections of the body column showed that both the ectodermal and the endodermal epithelial layers in the elongated regenerates were thinner than those in the control (Fig. 4D-F) . The same sections were stained with rhodamine phalloidin to visualize actin filaments that are localized at the basal parts of both ectodermal and endodermal epithelial cells (Figs. 4G, I ; Takaku et al., 2005) . Upon exposure to CCB, actin filaments totally disappeared within 30 min (Fig. 4H) . Despite the disappearance of the actin filaments, the body elongated to about 80% of the length of control animals indicating that the contribution of actin filaments to the body elongation is minor (Fig. 4A, compared to Fig. 4B ).
Microtubules are involved in body column elongation
To examine the involvement of microtubules in the elongation of the body column, microtubules were visualized with an anti-ß-tubulin antibody. Immunostaining was observed predominantly in the ectoderm (Fig. 5A, B , D, E) as reported previously (Dübel and Little, 1988) . The staining in the elongated regenerates was concentrated in the basal part of the ectoderm at 48 h (Fig. 5B) . In contrast, in the control graft, the intensity of immunostaining was more or less uniform throughout the ectoderm (Fig. 5E) . To examine the orientation of microtubules, TEM analysis was carried out. Bundles of microtubules were aligned in a longitudinal orientation forming a hitherto undescribed layer of microtubules adjacent to the layer of actin filaments running in the same orientation (Fig. 5C ). Higher magnification of the electron micrograph clearly showed 7-10 microtubule arrays running in parallel (Fig. 5C, inset) . In the ectodermal epithelial cells of the control grafts, a single microtubule running in disordered orientation was observed (data not shown), but the arrays of microtubules detected in the regenerates were never observed (Fig. 5F ). In sharp contrast, the pattern of muscle fibers or actin filaments did not show any difference between P2 regenerates and controls (Fig. 5F, inset) .
To further examine the involvement of microtubules in the body elongation, we treated the regenerates with nocodazole, an inhibitor of microtubule polymerization (Lee et al., 1980) . The concentration of nocodazole was varied from 10 −9 to 10 −6 M. At the highest concentration (10 −6 M) all the animals contracted and shortened extensively to approximately one-fourth of the original body length. Apart from the contraction, there was no sign of abnormality. The lowest effective concentration was 10 −8 M. P2 regenerates were treated with the drug at this concentration at 0, 12, 24 and 48 h after amputation and body elongation was examined (Fig. 6 ). When the treatment was started 0 or 12 h after amputation, the elongation of the body was completely blocked (Fig. 6A , experiments I and II). When the treatment was started 24 h after amputation (Fig. 6A , experiment III), the body elongation occurred but to a lesser extent (70% of the length of untreated regenerates) (Fig. 1C , G, compared to Fig. 6A, G) . When the treatment was started 48 h after amputation, complete elongation was observed and nocodazole at 10 −8 M had no effect (data not shown). In the control grafts, treatment with nocodazole at 10 −8 M had no effect on body size, however, the rate of budding was significantly reduced (data not shown). Control experiments in the presence of DMSO (1%; used to dissolve nocodazole, Lee et al., 1980) exhibited normal body elongation (data not shown). These results suggest that 12-48 h after amputation is the period when nocodazole treatment is effective. The sensitive period could correspond to the stage when microtubules are assembled to facilitate the longitudinal extension of ectodermal epithelial cells in particular, but has no effect on the microtubules that were already assembled.
The orientation of microtubules is associated with body size regulation
The regeneration experiments described above showed that hydra elongated to the original length when the length of the body column is experimentally shortened. What happens if the body length surpasses the original length? To address this question, P3/P2 grafts were made (Fig. 7A-C) . In these grafts, an extra piece of body column from between positions 2 and 3 was inserted into an intact polyp by axial grafting (Fig. 7C) . The graft contracted to its original size 48 h after grafting (Fig. 7D) . When the tissue constructed is longer than the P3/P2 graft, the grafted tissues developed into two independent polyps (data not shown). During the contraction of the P3/P2 graft, ectodermal and endodermal epithelial layers became thicker compared to controls (Fig. 5D, compared to Fig. 7E ). The mean length of ectodermal epithelial cells in the vertical orientation in the body column surface was measured. The length was 51 ± 6.8 μm in the P3/P2 grafts, whereas, in the control graft, it was 38± 7.6 μm (mean± s.e.m., N = 30), indicating that cells were significantly elongated in the vertical orientation in the P3/P2 grafts (P b 0.01). Staining for microtubules showed that the signal is distributed uniformly throughout the ectodermal layers (Fig. 7F) . Electron micrographs taken around the basal part of the ectodermal epithelial cells showed that bundles of microtubules run in an apicalbasal orientation (Fig. 7G) . A possibility that still remains is that the decrease in size in P3/P2 grafts is due to increased cell death. To examine this, pattern of cells undergoing apoptosis was visualized by staining animals with acridine orange (Cikala et al., 1999) . The result showed no increase in the number of apoptotic cells, indicating that cell death is not involved in this phenomenon (data not shown).
Regulation of body size does not occur in the absence of a head
To examine the influence of the head in the regulation of body size in hydra, the body part between position 0 (P0) and P2 or below P2 was cut out and allowed to regenerate. In either case, elongation did not occur during 48 h after the amputation (Figs. 8A-F) . However, once the head structure was formed completely at a later stage of regeneration, around 72 h, elongation did occur (Fig. 8G) . When the head of the P3/P2 graft (Fig. 7) was removed at the time of grafting, contraction did not take place until the head structure regenerated (data not shown). In reg-16, a head regeneration-deficient mutant strain (Sugiyama and Fujisawa, 1977b) , the P2 regenerate failed to elongate and remained short (data not shown). These results suggest that the head plays an essential role in the regulation of body size of hydra.
Discussion
In hydra, when polyps that are newly detached from their parent are cultured, they grow to an adult size which is dependent on their genetic background (Sugiyama and Fujisawa, 1977a) . The adult body is in a state of equilibrium between cell proliferation and cell loss caused by budding and sloughing of cells at the two extremities of the body. In this study we showed that hydra is capable of maintaining its body size even when a large portion of tissue was eliminated or added. This unexpected observation could shed a light on the mechanism of the maintenance of body size in animals. 
Regulation of body length involves conformational changes in epithelial cells
Previous studies have shown that differences in size between animals of the same or different species reflect differences in the cell size, cell number, or both (Conlon and Raff, 1999) . For example, in C. elegans the total number of cells in an animal is constant. Mutants that have a large body size have cells with a larger volume (Hirose et al., 2003) , whereas mutants with small body size consist of smaller cells (Watanabe et al., 2005) .
It has been thought that the body size of hydra is correlated with the number of cells (Campbell, 1965 and Shostak, 1968) . A mutant strain (L4) having a larger polyp size than the wild-type strain has a defect in its bud initiating mechanisms, which results in the increased number of the cells in a parent polyp (Takano and Sugiyama, 1984) . In aggregates formed from dissociated single cells, the tissue mass separated into several intact polyps, whose number depends on the total number of cells in the initial aggregate (e.g. Gierer et al., 1972 and Hobmayer et al., 2000) . These results suggested that the body size of hydra is strictly regulated by the number of cells in an animal.
In the present study, the total number of cells per polyp was altered either by removing or adding tissue. A polyp with altered body length either elongated or shortened to resume its original body length ( Fig. 1C, G; Fig. 2; Fig. 7 ). These changes did not involve cell proliferation (Fig. 1H) or apoptosis, but involved either elongation ( Fig. 3; Fig. 5 ) or contraction (Fig. 7) of the epithelial cells along the body axis. These results indicate that, in addition to cell size and cell number, cell shape is another basic factor in size control in animals.
Microtubules are involved in the regulation of body size in hydra
The present study has shown a hitherto undescribed involvement of microtubules in the regulation of body length in hydra. During the process of the elongation, both ectodermal and endodermal epithelial cell layers became thinner than in controls (Fig. 3) . The elongation was accompanied by the formation of microtubule arrays along the body axis in the ectodermal epithelial cells (Fig. 5) . The shortening was accompanied by the formation of the bundle of microtubules in vertical orientation relative to the body column surface (Fig. 7) . These observations suggest that microtubule arrays aligned in the ectodermal epithelial cells play the dominant role in the elongation and the shortening of the body column.
The involvement of the ectodermal epithelial cells in regulating hydra body column size and shape has been reported. Wanek and Campbell (1982) constructed ectoderm and endoderm chimeras from two strains having different body sizes and shapes and compared the size and shape of chimeras with the source strains. The chimeric strains had a shape closer to the shape of the strain that provided the ectoderm whereas the size of the chimera was between the two source strains. These results suggested that the ectodermal epithelium plays a dominant role in the determination of body size and shape in hydra.
Concentration of microtubules and its involvement in cell shape that we observed in this study have not previously been reported in animals. However, elongation of cells involving cytoplasmic microtubules has been observed in plants (e.g. Yoneda et al., 2007) . Sugimoto et al. (2000) showed in Arabidopsis that cells that have arrays of cortical microtubules and expand rapidly in the roots tend to have an elongate and cylindrical morphology. In unicellular organisms, the mechanisms of regulating the size of cells and/or organelles have also been studied. The mean length of Physarum amoebae is controlled by microtubules (Gely and Wright, 1985) . Involvement of microtubules in regulating the length of flagella has been reported in Chlamydomonas (Rosenbaum et al., 1969) . Furthermore, microtubule-associated proteins (MAPs) contribute to size regulation. MAP2 regulates the rate of microtubule polymerization in plants as it does with animal microtubules (Hugdahl, et al., 1993) . Recently, it was shown that a pathway involving MAP4 mediates size control in Drosophila (Bryk et al., 2010) . Taken together, these observations suggest that a microtubule based mechanism of regulating body size has an ancient evolutionary origin.
To summarize, elongation or shortening of the hydra body column during the process of resuming the original body length involves elongation or shortening of ectodermal epithelial cells and alignment of microtubules. These observations raise the possibility that there is a mechanism that regulates body length by changing the pattern of alignment of microtubules in the epithelial cells. Since this process does not include a change in the number of epithelial cells in the body Fig. 8 . Change of body size and shape during 96 h following amputation. The head and the proximal tissues were removed and the remaining part between position 0 (P0) and 2 was examined (A) at 2 h (B) and 48 h (C) (experiment I). The tissue above position 2 was eliminated (D) at 2 h (E) and 48 h (F) (experiment II). Once the head regenerated around 72 h after the amputation, the tissues exhibited body elongation (G). Bars represent s.e.m. calculated from 30 samples. Bar = 2 mm. column, it is very likely that the animal measures body length not by the number of epithelial cells but by the metrical distance between the two ends of the body column. The mechanism for measuring distance appears not to involve the nervous system because polyps completely devoid of nerve cells still elongated or shortened (Fig. 2) . Since this regulation did not occur in the absence of the head (Fig. 8) , we hypothesize that regulation of length involves a signal released from the head to the body column.
